Superconducting (SC) MgB 2 thin films were prepared in situ in one step by vacuum co-deposition at extremely low growth temperature (T s ∼ 110-150
Introduction
The discovery of superconductivity in MgB 2 with a high superconducting (SC) transition temperature T c of 39 K [1] has generated great scientific and technological activity [2] . The fabrication of SC MgB 2 thin films, junctions and heterostructures is appealing for technological device applications [2] [3] [4] . A vast amount of reports on MgB 2 thin film preparation methods exist in the literature [2] , including those based on magnetron sputtering [5] [6] [7] , pulsed laser deposition (PLD) [8] [9] [10] , hybrid physical-chemical vapor deposition [11, 12] , precursor film post-processing [13] [14] [15] , ion beam synthesis [16] , and co-deposition combined with molecular beam epitaxy (MBE) [17] [18] [19] [20] [21] [22] [23] [24] [25] .
All of these thin film preparation methods use relatively high growth temperatures T s 290
• C or post-annealing up to high temperatures of 900
• C (often in Mg vapor), and often involve two-step ex situ processes. T c values in the range of 24-39 K were usually achieved in thin films prepared by these methods. However, the rather high processing temperatures used during these methods are unsuitable for multilayer or heterostructure device fabrication in systems where interfacial chemical reactions or diffusion at the interfaces during preparation is disastrous for device functioning, e.g., in superconductor/semiconductor hybrids [26] [27] [28] [29] [30] and superconductor/ferromagnetic metal proximity-related heterostructures [31, 32] . Furthermore, the difficulty in thin film preparation at high temperatures is related to the high vapor pressure and volatility of Mg, starting even at modest temperatures. The objective of the present study is to optimize the MgB 2 thin film growth conditions with respect to T s and Mg deposition rate r Mg in order to obtain both an optimized T c in a one-step process and simultaneously a minimized T s suitable for device fabrication. As regards as-grown MgB 2 films, literature reports claim either that superconductivity disappears below T s ∼ 150
• C [20] or that the minimum T s value for obtaining superconductivity is 150
• C, providing an onset at T on c ∼ 12 K [17] . Here, we demonstrate for the first time a specific preparation procedure leading to as-grown SC MgB 2 films at very low T s ∼ 110-150
• C, providing a record T on c of ∼18 K under such conditions.
Sample preparation and characterization
MgB 2 thin films were grown in a vacuum system (base pressure 2 × 10 −9 mbar) by co-deposition of Mg (99.98 at.% purity) and B (99.5 at.% purity) onto Si(111) substrates with a native amorphous oxide (SiO 2 ) layer. The substrates were cleaned using acetone followed by propanol and subsequently heated in vacuum (∼2 × 10 −9 mbar) up to 600
• C for ∼20 min. Mg and B were evaporated from an effusion cell (alumina crucible) and from the water-cooled metal crucible of an electron gun, respectively. The pressure during deposition was 2 × 10 −7 mbar. The deposition rates of Mg and B and the MgB 2 film thicknesses were monitored by two independent calibrated quartz-crystal oscillators. Considering the low sticking coefficient and high vapor pressure of Mg and aiming for structurally ordered MgB 2 , we selected very low T s values (see below) for samples of two types: 110
• C (sample F1) and 120
• C (sample F2); however, due to the heat flow from the e-gun, T s gradually increased by 30
• C to the end of each deposition. Therefore, the real average T s values are (125 ± 15)
• C for sample F1 and (135 ± 15)
• C for sample F2. The stability of the substrate temperature for a period of a minute is below 1
• C. The deposition rates for Mg (r Mg = 0.040 nm s −1 ) and B (r B = 0.025 nm s −1 ) correspond to a nominal atomic flux ratio of 0.8, which is slightly larger than 0.5 (the nominal flux ratio for stoichiometry). Our deposition rates are extremely low as compared to those reported in the literature (e.g., r Mg = 31 nm s −1 and r B = 0.5 nm s −1 in [25] 1/2 (m = Mg atomic mass) [33] . Our growth conditions are far off from the calculated thermodynamic stability window for deposition of MgB 2 thin films [33] . However, these extreme growth conditions make Mg evaporation from MgB 2 very unlikely due to the large kinetic barrier for MgB 2 decomposition [34] . Furthermore, non-bonding Mg will not evaporate from the film surface for T s < ∼227
• C at P Mg ∼ 6 × 10 −7 Torr (figure 1 in [20] ). For comparison, we have also grown samples at room temperature (RT) and at 400
• C, respectively, under otherwise the same preparation conditions. The schematic geometrical arrangement of our film deposition system is given in figure 1(a). In figure 1(b) we show a schematic of the variation of the growth temperature T s during the processing time.
After preparation, the crystallographic structure and topology of the samples were characterized by means of xray diffraction (XRD) and atomic force microscopy (AFM), respectively. The electrical resistance measurements were performed by the standard four-point probe method.
X-ray diffraction
In order to find the minimum suitable T s , first we deposited an MgB 2 (100 nm thick) film, labeled F0, at RT, and this was followed by stepwise isochronal thermal annealing up to T a = 400
• C (1 h for each step) in vacuum (2 × 10 −9 mbar). After each annealing step the sample was cooled to RT and studied ex situ by means of θ -2θ x-ray diffraction at RT. The RT-grown film did not exhibit Bragg reflections from MgB 2 , indicating significant chemical disorder. However, after annealing at 150
• C, a rather broad and weak (002) reflection at 2θ ≈ 51 With increasing T a up to 400
• C the intensity of the (002) peak gradually increases and its width decreases (figure 2(a)), indicating systematic grain growth in the (vertical) growth direction. By use of the Scherrer equation, the MgB 2 average vertical crystallite size was estimated to be about 1.7 nm (T a = 150
• C), 2.1 nm (250 • C), 2.9 nm (300 • C), 3.6 nm (350 • C) and 4.2 nm (400
• C). The XRD results prove that our MgB 2 films are nanocrystalline, and the film crystallinity is improved by vacuum annealing up to T a = 400
• C. In order to test MgB 2 film formation at a higher substrate temperature during growth, we have deposited a nominally 150 nm thick MgB 2 film, labeled F3, at T s = 400
• C with the same low deposition rates as given above. However, we did not observe any reflections in the XRD pattern corresponding to MgB 2 . Moreover, Bragg peaks from elemental B and Mg were absent. We suspect that due to the low sticking coefficient of Mg at higher substrate temperatures, we have only a boron film deposited. However, the low atomic form factor (x-ray scattering power) of B at the wavelength of Cu Kα radiation also led to the absence of any Bragg peak from elemental boron in the XRD pattern. To illustrate the effect of the low sticking coefficient of Mg at higher growth temperatures, the XRD patterns of two Mg films, both intended to be 100 nm thick, prepared on oxidized Si(111) substrates at T s = RT and at T s = 400
• C, are shown in figure 2(b) . The film prepared at RT shows the prominent Mg(002) peak and the Mg(004) peak (figure 2(b) (i)), which are absent for the film grown at 400
• C (figure 2(b) (ii)). This means that Mg did not condense on the substrate at 400
• C, in spite of the deposited mass equivalent of 100 nm Mg, as measured by the calibrated quartz-crystal oscillators. This demonstrates that MgB 2 films cannot be deposited at such a high substrate temperature of 400
• C (or higher) at a very low deposition rate r Mg (e.g., at r Mg = 0.040 nm s −1 ). As these studies, especially the annealing studies, demonstrate that the first MgB 2 formation occurs between RT and T a = 150
• C, we have selected low T s values (as mentioned above) of 110-150
• C in the following investigations. Two MgB 2 films labeled F1 and F2, with thicknesses of 180 nm and 157.5 nm, respectively, were grown at T s = (125 ± 15)
• C (F1) and T s = (135 ± 15)
• C (F2). In the ex situ XRD patterns, the as-grown film F1 exhibits a broad (002) MgB 2 reflection (figure 2(c) (i)), whereas the (002) MgB 2 Bragg peak of the as-grown film F2 (figure 2(c) (iii)) is stronger and sharper due to the higher T s value for F2. On vacuum annealing at T a = 450
• C for 1 h, the (002) MgB 2 reflection of F1 increases in intensity and becomes sharper (figure 2(c) (ii)), while the (002) MgB 2 peak of F2 is much less affected by annealing ( figure 2(c) (iv) ). The Scherrer equation provides vertical MgB 2 grain sizes of about 2.3 nm (F1) and 6.7 nm (F2) for the as-grown films and enlarged grain sizes of 6.7 nm (F1) and 7.8 nm (F2) after annealing. A rocking scan (figure 3) taken for the as-grown film F2 around the (002) MgB 2 reflection at θ = 26
• resulted in a rocking curve width (FWHM) of ∼16.7
• , indicating a remarkable [002] texture perpendicular to the film plane in the MgB 2 film. Since the sharpness of the (002) MgB 2 reflection (and the vertical grain size) of F2 are much less influenced by annealing, T s = (135 ± 15)
• C appears to be an optimized low growth temperature for obtaining (002) textured MgB 2 thin films by co-deposition at very low deposition rates.
Atomic force microscopy
The surface roughness of our films was measured by atomic force microscopy. As an example, figure 4 displays AFM images of sample F1 and F2, where three-dimensional islands at the film surface can be observed. The AFM mean roughness of the as-grown films is 10.6 nm (rms roughness ∼13.4 nm; F1, figure 4(a) ) and 3.7 nm (rms roughness ∼4.7 nm; F2, figure 4(c)), indicating that the 157.5 nm thick MgB 2 film (F2) is more homogeneous and smoother than the 180 nm thick film (F1), apparently partially due to the higher growth temperature for F2. For a better visual comparison with the literature (e.g. in [8, 19, 21, 25] ), we show an enlarged AFM image of the as-grown MgB 2 film F2 in figure 5 . The average lateral size of the islands observed in figure 5 is about 200 nm. Our as-grown films are smoother than those reported by other groups who prepared films at significantly higher temperatures (e.g., rms roughness of 15 nm and 25.5 nm in [8] and [19] , respectively), and the mean roughness of as-prepared sample F2 (3.7 nm) is only about twice the roughness of MgB 2 films in [20] (average roughness: 1.77 nm) that were grown by MBE at T s = 280
• C. Figures 4(b) and (d) display the AFM images of our samples F1 and F2, respectively, after vacuum annealing (2 × 10 −9 mbar, T a = 450
• C for 1 h). While the mean roughness of sample F1 increased only little (from 10.6 to 11.3 nm) after annealing, sample F2 showed a significant increase from 3.7 to 5.5 nm due to annealing. This roughness enhancement by annealing is accompanied by an increase of the (vertical) grain size, as obtained via XRD and described in section 2.1.
Superconductivity
We have performed electrical resistance versus temperature measurements on the four different samples prepared at different substrate temperatures (T s = RT (F0), 125
• C (F1), 135
• C (F2) and 400
• C (F3)). However, the samples F0 and F3 were found to be non-superconducting in the as-grown state. This negative result agrees with the XRD data, which did not reveal MgB 2 Bragg reflections for these two samples (F0 and F3). 1 K) . T reflects the degree of local inhomogeneity in T c [5] , which, to our surprise, seems to be larger in sample F2 (which is of better structural quality) than in F1. Further studies are required to clarify this point. In figure 6 (c) we have plotted T on c versus T s for the as-grown films, including data points of Ueda and Naito [17] on as-grown epitaxial MgB 2 films on Si(111), also in situ MBE grown in one step, like our films. T on c systematically decreases as T s decreases, which was attributed to poorer crystallinity, the detrimental effect of excess Mg due to the proximity effect, or to the formation of non-stoichiometric Mg 1+x B 2 in low-T s grown films [20] . Superconductivity was observed to disappear below T s ∼ 150
• C [17, 18] . This is in striking contrast to our finding The increase of T c caused by annealing can be partially attributed to the improvement of structural order, as both the vertical grain size (XRD) and the mean surface roughness (AFM) of F1 and F2 increased upon annealing, suggesting grain growth. In addition, the improvement of stoichiometry produced by annealing may increase T c [20] . Yamazaki et al [21] claim that structural disorder originates from epitaxial strain in their films. Since our films are (002) textured polycrystalline and grown on an amorphous SiO 2 buffer on Si(111), we can exclude an epitaxial strain effect in our samples. Our value of T c = 22 K for F2 after 450
• C annealing is comparable to the T c value of epitaxial MgB 2 films MBE grown with high deposition rates at T s ∼ 300
• C [21] .
Conclusions
We have determined a specific window of extreme growth parameters in which superconducting (SC) as-grown MgB 2 nanocrystalline thin films are formed by co-deposition in vacuum. Our growth parameters are outside of the predicted thermodynamic stability range for MgB 2 film deposition [33] .
Our preparation method at very low T s ∼ 110-150
• C leads to unexpectedly high values of T c , i.e. T on c ≈ 18 K and T 0 c = 10 K for as-grown films. Higher T c values might be achieved by further optimizing the growth conditions. Our one-step in situ preparation procedure with low T s is favorable for fabrication of SC MgB 2 -containing heterostructures and hybrid devices, if high processing temperatures are unsuitable for device functioning.
